Abstract: A facile and efficient method for the synthesis of pentafluorophenyl-and related polyfluorophenyl-substituted porphyrins has been achieved via palladium-catalyzed cross-coupling reactions of brominated porphyrins with bis(polyfluorophenyl)zinc reagents. The reaction is applicable to a variety of free-base bromoporphyrins, their metal complexes, and a number of bis(polyfluorophenyl)zinc reagents.
Introduction
The construction of porphyrins and related tetrapyrrolic macrocycles has attracted much interest [1] [2] [3] [4] [5] [6] because they have a variety of important applications in many fields [7, 8] , including catalysis [9] [10] [11] [12] [13] [14] , medicine [15] [16] [17] [18] , and materials [19] [20] [21] [22] [23] [24] [25] [26] [27] . It is also well documented that the chemical, physical, and biological properties of porphyrin macrocycles can be systematically tuned by the electronic, steric and conformational environments of their peripheral substituents [7, 8] . Penta-fluoro-phenyl and related polyfluorophenyl groups are one of the most important peripheral substituents in that their strong electron-withdrawing nature can greatly affect the electronic properties of a porphyrin core [25, 27] . Conventional approaches to synthesizing pentafluorophenyl-substituted porphyrins involve multiple condensation reactions of pentafluorobenzaldehydes by using various monopyrroles or substituted dipyrromethanes under acidic conditions, followed by oxidation of the OPEN ACCESS resulting porphyrinogen intermediates [26] [27] [28] [29] [30] . However, these multiple-condensation methods have low yields, significant side products, and difficult purifications. Palladium and related transition metal-catalyzed cross-couplings of polyfluoroarenes with aryl halides [31] [32] [33] [34] would facilitate alternative synthetic pathways to pentafluorophenyl-substituted porphyrins. However, to our knowledge, only one report to date, by Therien et al. [35] , evaluates such palladium-catalyzed methods for preparing pentafluorophenyl-substituted porphyrins. They used Pd(dppf) as the catalyst and investigated couplings of C 6 F 5 ZnCl by using only two examples of zinc complexes of bromoporphyrins, [2-bromo-5,10,15,20-tetraphenylporphinato] zinc(II) and [5,15-dibromo-10,20 -diphenylporphinato]zinc(II), as the substrates; however, no further reports have alluded to any extension of this methodology [35] .
We wanted to investigate whether this protocol could be extended to other bromoporphyrins, particularly those of free bases. We report herein a general method for synthesizing polyfluorophenyl-substituted porphyrins from the corresponding bromoporphyrins utilizing bis(polyfluorophenyl)zinc reagents as the coupling partner and Pd(OAc) 2 /t-Bu 3 P as the catalyst system. The present catalytic protocol can be carried out in high yields under mild conditions and can easily be applied to a variety of bromoporphyrins, such as meso-mono-, meso-di-, and β-mono-bromoporphyrins, enabling the synthesis not only of meso-and β-mono-polyfluorophenylated porphyrins but also of meso-bis(poly-fluorophenyl)-substituted derivatives.
Results and Discussion
At the outset of our work, we examined the catalytic pentafluorophenylation of 5,15-diphenylporphyrin 1a with C 6 F 5 ZnCl in accordance with the method developed by Therien et al. [35] . We thus achieved coupling of porphyrin 1a with the organozinc reagent in the presence of Pd(dppf)Cl 2 (5 mol%) as a catalyst in THF at 25 °C and 60 °C (Table 1, entries 1 and 2) . However, unfortunately, we did not obtain the desired fluorinated product Zn-2a after 20 h. Instead, the reactions produced zinc complexes of the starting bromoporphyrin Zn-1a as undesired byproducts in quantitative yields. Despite these disappointing results, we continued our investigation by changing the C 6 F 5 source from C 6 F 5 ZnCl to commercially available (C 6 F 5 ) 2 Zn, and we were pleased to obtain the desired product Zn-2a in 12% yield (Table 1, entry 3) .
Encouraged by this result, a series of palladium catalysts, ligands, and solvents were investigated to identify the variable(s) that affect the yield of the pentafluorophenylation product in the coupling reaction of the free-base meso-bromoporphyrin 1a with the organozinc reagent (C 6 F 5 ) 2 Zn. As shown in Table 2 , most of the palladium tertiary phosphine complexes we examined, either generated in situ or preformed, were ineffective for the coupling reaction, affording only low yields of the desired fluorinated product Zn-2a and the zinc complex of the starting bromoporphyrin Zn-1a. However, use of an electron-rich bulky monophosphine ligand, t-Bu 3 P, can effectively catalyze the reaction in combination with both palladium complexes, Pd(dba) 2 and Pd(OAc) 2 (entries 9 and 14). We selected Pd(OAc) 2 as the palladium catalyst of choice for further investigation because of its high catalytic activity and low cost. A brief investigation of solvents found that ethereal solvents, such as THF and dioxane, were suitable reaction media (entries [14] [15] [16] [17] . Among which, THF was the solvent of choice in terms of yield of the desired fluorinated product Zn-2a (entry 14) . Nonpolar solvent such as toluene did not promote the coupling reaction and gave no desired product (entry 17). Thus, with respect to optimized conditions the reaction of 1a with 5 equiv of (C 6 F 5 ) 2 Zn in the presence of 5 mol% Pd(OAc) 2 and 10 mol% t-Bu 3 P·HBF 4 in THF at 60 °C afforded pentafluorophenyl-substituted product Zn-2a in 95% yield within 3 h (entry 14). Having identified optimized conditions for the pentafluorophenylation of porphyrins, we explored the substrate scope of this process by using (C 6 F 5 ) 2 Zn (Table 3) . These conditions were compatible with various phenyl substituents, including alkyl, alkoxy, alkenyl, and alkynyl groups on the meso-brominated free-base diarylporphyrins, and we obtained the corresponding pentafluorophenylsubstituted zinc complexes in high yields (entries 1-6). Other free bases, including 10,20-dialkyl-and 10,15,20-trisubstituted bromoporphyrins, also participated in the catalytic pentafluorophenylation (entries 7 and 8). Central metal ions, such as Zn and Ni, could be incorporated into the products without greatly affecting the efficiency of the pentafluorophenylation (entries 9 and 10). Furthermore, we successfully employed β-bromoporphyrin 1i, affording the desired β-pentafluorophenyl-substituted product Zn-2i in 92% yield (Scheme 1). The reaction also occurred with dibromoporphyrin 1j to provide porphyrin Zn-2j, which contained two pentafluorophenyl substituents at the meso positions, in 86% yield (Scheme 2). We next investigated the scope of bis(polyfluorophenyl)zinc reagents, which can readily be prepared in situ from the corresponding polyfluorophenyl Grignard reagents and Zn(OMe) 2 in THF, by using meso-bromoporphyrin 1a, as depicted in Table 4 . In addition to standard pentafluorophenylation with (C 6 F 5 ) 2 Zn, related zinc reagents possessing 2,3,5,6-tetrafluoro-, 3,4,5-trifluoro-, and 3,6-difluorophenyl groups reacted to produce the corresponding polyfluorophenyl-substituted products in high yields (entries 1-4). An alkoxy-substituted zinc reagent also reacted to produce the desired product in 95% yield (entry 5). Furthermore, we effectively incorporated a highly electrophilic CF 3 -substituted tetrafluorophenyl group into the product, although a longer reaction time was required to complete the reaction and we obtained a slightly lower product yield (entry 6).
Experimental Section

1
H and 13 C NMR spectra were recorded at room temperature on 400 and 500 MHz spectrometers using perdeuterated solvents as internal standards. Chemical shifts of 1 H and 13 C spectra are given in ppm relative to residual protiated solvent and relative to the solvent respectively. 19 F NMR spectra were recorded at rt on a 500 MHz spectrometer using benzotrifluoride as an external standard. The chemical shift values are expressed as δ values (ppm) and the couple constants values (J) are in Hertz (Hz). The following abbreviations were used for signal multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; and br, broad. UV-visible spectra were recorded using a dual-beam grating spectrophotometer with a 1 cm quartz cell. The melting point data were not available for the porphyrin derivatives obtained because these compounds are infusible below 300 °C.
Reactions involving moisture sensitive reagents were carried out under an argon atmosphere using standard vacuum line techniques and glassware that was flame-dried and cooled under argon before use. Dry THF was purchased for the reactions and used without further desiccation. Bromoporphyrin derivatives, 1a-1c [36] , 1d [6] , 1e-1j [36] , Zn-1a [36] , and Ni-1a [36] were prepared according to the method described in literature. Other chemicals were purchased from commercial sources and used as received unless stated otherwise.
Preparation of Bis(polyfluorophenyl)zinc Reagents:
Bis(polyfluorophenyl)zinc reagents, bis(2,3,5,6-tetrafluorophenyl)zinc, bis(3,4,5-trifluorophenyl)zinc, bis(2,6-difluorophenyl)zinc, bis(2,6-difluoro-4-methoxyphenyl)zinc, and bis(4-trifluoromethyl-2,3,5,6-tetrafluorophenyl)zinc, were prepared according to the method described in literature [37] as follows. An oven-dried 20 mL two-necked flask equipped with magnetic stirring bar and rubber septum charged with Zn(OMe) 2 (118 mg, 0.925 mmol) was added dry THF (4.0 mL) at rt. The heterogeneous solution was stirred for 5 min and cooled to 0 °C for another 10 min. A solution of polyflurophenylmagnesium bromide (1.85 mL, 1.85 mmol, 1 M in THF) was added dropwise with vigorous stirring over 10 min at 0 °C, and the heterogeneous solution was allowed to stir at rt for 1 h. The mixture was then filtered and the Ar 2 Zn solution (ca. 0.15 M) was used immediately.
A solution of bis(pentafluorophenyl)zinc in THF (ca. 0.15 M) was prepared as follows. An oven-dried 20 mL two-necked flask equipped with magnetic stirring bar and rubber septum charged with bis(pentafluorophenyl)zinc (370 mg, 0.925 mmol) was added dry THF (6.0 mL) at room temperature The mixture was stirred for 10 min and used immediately.
General Procedure for the Palladium-Catalyzed Reaction of Bromoporphyrins with Bis(polyfluorophenyl)zinc Reagents:
An oven-dried 100 mL two-necked flask equipped with a magnetic stirring bar and rubber septum was charged with a free base bromoporphyrin 1 (0.185 mmol), Pd(OAc) 2 (2.1 mg, 9.3 μmol, 5 mol%), and t-Bu 3 P·HBF 4 (5.4 mg, 18.5 μmol, 10 mol%). The reaction vessel was evacuated and flushed with argon (three times), and then dry THF (30 mL) was added. To the solution was slowly added ca. 0.15 M THF solution of a bis(polyfluorophenyl)zinc reagent (6.0 mL, ca. 0.9 mmol, 5 equiv.) at rt via a cannula. The mixture was stirred at 60 °C for several hours (1-12 h), having been monitored by TLC (1:1 hexane/toluene). Upon completion of the reaction, the mixture was allowed to reach rt. The reaction mixture was diluted with CH 2 Cl 2 (50 mL) and washed with water and brine. The organic layer was dried over MgSO 4 and concentrated in vacuo. The residue was purified by flash column chromatography on silica gel (1:1 toluene/hexane). The first red purple band eluted was collected, and taken to dryness. Recrystallization from hexane/CH 2 Cl 2 gave the pure product. This compound was also synthesized from zinc complex of bromoporphyrin Zn-1a (111.9 mg, 0.185 mmol) and bis(pentafluorophenyl)zinc following the general procedure (see, Table 3 , entry 9); 126.5 mg, 99% yield. 
[5,15-Bis[4-{2-(triisopropylsilyl)ethynyl}phenyl]-10-pentafluorophenylporphyrinato]zinc(II) (Zn-2d).
Prepared from bromoporphyrin 1d (166.9 mg) and bis(pentafluorophenyl)zinc following the general procedure; Red-purple solid (recrystallized from MeOH/CH 2 Cl 2 ); 189.1 mg, 97%; R f = 0.68 (1:1 hexane/toluene); 
[5,15-Bis(2,4,6-trimethylphenyl)-10-pentafluorophenylporphyrinato]zinc(II) (Zn-2e).
Prepared from bromoporphyrin 1e (115.7 mg) and bis(pentafluorophenyl)zinc following the general procedure; Red-purple solid; 128.9 mg, 90% yield; R f = 0.64 (1:1 hexane/toluene); . Prepared from bromoporphyrin 1a (100.2 mg) and bis(2,6-difluoro-4-methoxyphenyl)zinc following the general procedure; Red-purple solid; 117.6 mg, 95% yield; R f = 0.47 (1:1 hexane/toluene); 
Conclusions
In summary, we have developed an efficient and facile palladium-catalyzed polyfluorophenylation of porphyrins. The success of this reaction relies on the use of readily accessible bis(polyfluorophenyl)zinc reagents as the polyfluorophenylation agent; furthermore, t-Bu 3 P was the only effective ligand. The method is compatible with a wide array of free-base meso-mono-, meso-di-, and β-bromo-substituted porphyrins, their metal complexes, and a variety of bis(polyfluorophenyl)zinc reagents. The reaction generally achieves good to excellent yields. We anticipate that this method will find broad application among practitioners of porphyrin chemistry.
